Abstract. Structural, thermal and electrical behavior of polymer-clay nanocomposite electrolytes consisting of polymer (polyethylene oxide (PEO)) and NaI as salt with different concentrations of organically modified Na + montmorillonite (DMMT) filler have been investigated. The formation of nanocomposites and changes in the structural properties of the materials were investigated by X-ray diffraction (XRD) analysis. Complex impedance analysis shows the existence of bulk and material-electrode interface properties of the composites. The relative dielectric constant (εr) decreases with increase in frequency in the low frequency region whereas frequency independent behavior is observed in the high frequency region. The electrical modulus representation shows a loss feature in the imaginary component. The relaxation associated with this feature shows a stretched exponential decay. Studies of frequency dependence of dielectric and modulus formalism suggest that the ionic and polymer segmental motion are strongly coupled manifeasting as peak in the modulus (M″) spectra with no corresponding feature in dielectric spectra. The frequency dependence of ac (alternating current) conductivity obeys Jonscher power law feature in the high frequency region, where as the low frequency dispersion indicating the presence of electrode polarization effect in the materials.
Introduction
The combination of clay and functional polymers interacting at atomic level constitute the basis for preparing an important class of inorganic-organic nanostructured materials i.e., polymer nanocomposites [1, 2] . Among these nanocomposites, the intercalation of electroactive species into the interlayer spacing of 2:1 phyllosilicate (such as montmorillonite, hectorite, laponite etc.) is a method to construct a novel hybrid supermolecular assembly with particular electrical behavior [1] [2] [3] [4] [5] . Intercalation of polymers, in principle, leads to the formation of new materials, which combine the optical and electrical properties of the polymer with mechanical strength, thermal stability etc. of the inorganic host and so possesses properties which may not be achieved by either component separately. Solid polymer electrolytes (SPEs) formed by complexing alkali metal salts with polyethers such as polyethylene oxide (PEO) have widely been studied for potential applications in solid state batteries and other electrochemical devices [6] [7] [8] . They are also of fundamental interest because of their unusual mechanism of ionic transport, which they exhibit and for which a detailed understanding is still lacking [8] . It is now well established that significant ionic motion occurs only in the elastomeric amorphous phase of the polymer and is closely associated with the segmental motion of polymers [8] . Measurement and analysis of SPEs are complicated by various factors. First these materials are often heterogeneous with both amorphous and crystalline regions and the distribution of salt concentration may vary throughout the poly-mer electrolyte [9] . Second at certain salt concentrations (where significant coupling occurs), there is an anionic contribution to the conductivity [10] . Moreover because of the low dielectric constant of PEO, polymer mediated cation anion pair formation is unavoidable [11] . The intercalated polymer nanocomposite electrolytes (PNCEs) are attractive because the bulky anions cannot enter into the nanometric gallery of the layered silicate (such as montmorillonite, hectorite, laponite etc.), whereas the polymer and cation can enter into that nanometric channel of the clay. Hence the formation of cation anion pair and dual ionic conduction are expected to be minimum. These PNCEs, in principle, therefore provide the opportunity to investigate conductivity and associated relaxation in polymer electrolyte free from previously mentioned problems. We have used here montmorillonite (MMT) clay as inorganic filler, which possesses intercalation property. The filler is organically modified with dodecyl amine so that the hydrophilic nature of the silicate layer is changed into hydrophobic, and the interlayer spacing expands. Indeed this creates appropriate environment for the intercalation of polymer chains between clay layers [12] . Though there has been a considerable amount of work performed on synthesis and characterization of PNCEs (polymer-layered silicate nanocomposite electrolytes) by various research groups [1-5, 12, 13] , not much work has been reported on dielectric and electrical properties of PNCEs as yet. In view of the above, the present paper aims to report structural, thermal and electrical behavior of an ionicallly conducting polymer nanocomposites system: (PEO) 25 -NaI + x wt% DMMT with different values of x. The effect of DMMT (i.e., dodecyl amine modified MMT) concentration on electrical and ac conductivity response has been investigated in order to gain better understanding of ion transport behavior in PNCEs.
Experimental details
Polymer-clay nanocomposite electrolytes [(PEO) 25 NaI + x wt% DMMT (x = 0,5, 10, 15, 20, 30, 50)] consist of polymer, polyethylene oxide (PEO) with molecular weight of 6·10 5 (M/S Aldrich, USA) and NaI (M/S Merck India Ltd, Mumbai, India) as salt with different concentrations of DMMT (MMT supplied by University of Missouri, Coulambia, USA) have been synthesized by a tape casting technique using the self designed tape caster. The PEO and sodium salt molar ratio was maintained at 25:1 (i.e., (PEO) 25 -NaI). It means that the there is sufficient number of available sites (i.e., the oxygen atoms in PEO) for Na-ion to hop from one site to another one. Detailed preparation and characterization methods for similar type of systems have already been reported [14, 15] . The X-ray diffraction pattern of the PNCEs films was recorded at room temperature using an X-ray powder diffractometer (Rigaku Miniflex) with CuK α radiation (λ = 0.15405 nm) in 2θ (Bragg angles) range (2°≤2θ≤10°) at a scan speed of 0.5°/min. Thermogravimetric (TG) analysis was performed using a SHIMADZU thermogravimetric analyzer. Samples were heated in a platinum pan from room temperature to 600°C at a heating rate of 10°C/min under nitrogen atmosphere. An analysis of the electrical behavior of PNCE films was carried out using impedance spectroscopy on the application of a small ac signal (100 mV) across the symmetrical cell of the type SS||PNCE||SS (where SS stands for stainless steel blocking electrodes). Complex impedance parameters (i.e., impedance, phase angles, permittivity and tangent loss parameters) were obtained by a computer-controlled impedance analyzer (HIOKI LCR Hi-Tester, Model:3532, Japan) as a function of frequency (100 Hz to 1 MHz) at different temperatures (30 to 150°C). The ac conductivity was evaluated from dielectric data in accordance with the relation: σ ac = ω ε 0 ε r tanδ where ε r = C/C 0 is the relative permittivity, tanδ = loss tangent, C 0 = vacuum capacitance of the cell. The real and imaginary parts of impedance, permittivity and electric modulus were calculated using Equations (1)- (5): 
Results and discussion

X-ray diffraction
XRD studies have been carried out in order to monitor the formation of the nanocomposites. Figure 1 shows the XRD patterns of Na + -MMT, DMMT and (PEO) 25 -NaI +x wt% DMMT for different values of x at room temperature in the range of 3-10°. The peaks were assigned to the 001 basal reflection of DMMT. It is observed that Na + -MMT exhibits (001) reflection peak at an angle (2θ = 7.27°) corresponding to the interlayer spacing (d 001 ) 1.215 nm. Upon modification with dodecyl amine, the peak shifts toward the lower angle side corresponding to interlayer spacing of 1.568 nm, indicating the successful intercalation of alklyl ammonium ion into the gallery of MMT. When DMMT is added to polymer salt complex, there is an increase in the d 001 (i.e., the peak position of (001) plane shift towards the lower angle side), which indicates that there is an increase in the gallery height. This suggests the successful intercalation of polymer-salt complex into the nanometric gallery of the DMMT confirming the formation of nanocomposites [16] . Figure 2 shows the TGA curves of (PEO) 25 -NaI + x wt% of DMMT with different value of x. For both, the polymer-salt complexes and PNCEs, a small amount of mass loss at low temperatures (T<125°C) is assigned to elimination of water or residual solvent (if any). For x = 0 (i.e., polymersalt complex), a sharp mass loss occurs corresponding to the decomposition of PEO after the elimination of water. It has been established [17] that the volatile evolution of both PEO and polymer-salt complexes occurs in a single step after elimination of water, while the complex leaves a residual quantity above 500°C. In addition to this sharp weight loss, another broad weight loss occurs at higher temperatures for PNCEs. It is generally assumed [18] , that in intercalated PNCEs materials, some PEO chains reside inside the gallery and others outside the gallery. So the sharp weight loss is expected due to the PEO chains residing outside the gallery. The broad loss (at higher temperatures) is attributed to the decomposition of PEO inside the gallery since no weight loss for DMMT is observed in the same temperature range. PEO chains inside the silicate gallery are responsible for broader weight loss, as the degradation products need more temperature to depart from the silicate gallery. From the Figure 2 , it is observed that on addition of small amount of clay the (residual) weight loss increases because of the restriction of thermal motion of the polymer in the silicate layer. Again, the residual weight loss increases on increasing DMMT concentration. Figure 3 represents the complex impedance spectrum/Nyquist plot (Z″ vs. Z′) of PNCE films of (PEO) 25 -NaI + x wt% of DMMT for various clay concentrations (x) at room temperature. The typical Nyquist plot of the samples comprises of a broadened semicircle in the high frequency region followed by a tail (spike) in the lower frequency region. The higher frequency semicircle can be ascribed mainly to the bulk properties of the materials, where as the low frequency spike indicates the presence of double layer capacitance at the electrode/sampleinterface [19] . The intercept of the semicircle with the real axis (Z′) at low frequency (end) give rise to the bulk (ionic) resistance (R b ) of the materials. Figure 4 shows the temperature dependence of impedance spectra of (a) (PEO) 25 -NaI and (b) (PEO) 25 -NaI + 5 wt% DMMT as a representative plot. It is clear that the diameter of the semicircle of high frequency region decreases with rise in temperature, and finally it vanishes above 60°C, leaving only a spike in the spectrum. The presence of semicircle signifies the persistence of capacitance associated with the heterogeneity textures of the composites. The polymer electrolytes are heterogeneous due to the presence of both amorphous and crystalline regions. The disappearance of the semicircle indicates the homogeneity of the system, which agrees well with the reported one [20] . The change in the diameter of semicircle indicates that R b decreases with increase of temperature. On the other hand, the slope of the straight line (due to material electrode interface) does not vary significantly with temperature, which indicates that no electrochemical degradation of the electrodes occurs during the conductivity measurement. Similar type of explanation has been reported elsewhere [21] in many other systems. Figure 5 shows the variation of relative dielectric constant (ε r ) with frequency of the PNCE films with varying DMMT concentration at room temperature. In all cases, a strong frequency dispersion of permittivity was observed in the low frequency region followed by a nearly frequency independent behavior above 5 kHz. The decrease of ε r with increase in frequency is attributed to the electrical relaxation processes, but at the same time the material electrode polarization cannot be ignored, as our samples are ionic conductors. It has been observed that the relative permittivity of PNCEs is higher than that of the polymer-salt complex, and the maximum value is found for 5% clay concentration.
Thermogravimetric analysis
Complex impedance spectroscopy
Dielectric properties
The enhancement of dielectric properties may be due to the following reasons. The large scale heterogeneity in polymer salt complex is suppressed in the nanocomposite, and is replaced by small scale heterogeneity. The small scale heterogeneity is connected to the presence of silicate layer, which increases the free volume, due to looser segmental packing in chains confined to nanovolume [22] .
AC conductivity
The frequency dependent ac conductivity of (PEO) 25 -NaI + x wt% DMMT for (a) different values of x at room temperature (30°C) and (b) for x = 5% for different temperatures is shown in Figure 6 . The ac conductivity patterns show a frequency independent plateau in the low frequency region and exhibits dispersion at higher frequencies. This behavior obeys the universal power law [23, 24] , σ(ω) = σ 0 + Aω n , where σ 0 is the dc conductivity (frequency independent plateau in the low frequency region), A is the pre-exponential factor and n is the fractional exponent between 0 and 1 (the solid line is the fit to the expression). The effect of electrode polarization is evidenced by small deviation from σ dc (plateau region) value in the conductivity spectrum (in the low frequency region). With rise in temperatures, the low frequency electrode polarization phenomena become more prominent and thus plateau region shifts to higher frequency side ( Figure 6b) . The values of σ 0 , A and n obtained by fitting the universal power law are given in Table 1 (for Figure 6a) . Generally, for ionic conductors, power law exponents can be between 1 and 0.5 indicating the ideal long-range pathways and diffusion limited hopping (tortuous pathway) respectively [25] . The value of exponent (Table 1) of the higher frequency slopes shows that the longrange drift of ions may be one of the main reasons of ionic conduction [25] in the system. It has been observed that (Table 1) the maximum value of conductivity was found to be 2.8·10 -8 S·cm -1 for 5% DMMT concentration whereas for higher DMMT concentration the conductivity decreases monotonically (room temperature). This observation can be explained by an empirical Equation (6) where n i , μ i , and z i refer to charge carrier, ionic mobility, and ionic charge of i th ion respectively. It is clear from the equation that the conductivity depends on the amount of charge carrier (n i ), and the mobility of the ionic species in the system. Addition of clay can increase the fraction of free ions (i.e., increase of n i ) because the negative charge in the silicate layers can interact with the Na + cation and disturb the attractive forces between cation and anion of the salt. When excesses amount of DMMT is added to polymer-salt complex, there may be an increase in the system viscosity and thus restricted cation mobility (i.e., decrease of μ i ), as a result, lower ionic conductivity is observed. Therefore, it can be concluded that the addition of optimum clay concentration (i.e., 5% DMMT) provides the most suitable environment for the ionic transport and achieving the highest conductivity, which is consistent with the reported one [26] . Microscopic models such as dynamic bond percolation and dynamic disorder hopping models have been proposed [27] to describe the long-range ion transport in polymer electrolytes. According to these models, the renewal time, τ ren , for the segmental reorganization arising from the changes in the local geometry due to the coordination of cations with the polymer Lewis base sites, lie within the microwave range. Moreover, these models explain the frequency dependence of conductivity satisfactorily only above 100 MHz region.
Hence, a physical model (i.e., jump relaxation model) was developed for structurally disordered ionic conductors [28] in order to rationalize the observed frequency dispersion. Since the dynamical effects of the polymer host due to the segmental renewing rates become less significant below microwave region. According to jump relaxation model, at very low frequencies (ω→0) an ion can jump from one site to its neighboring vacant site successfully contributing to the dc conductivity. At higher frequencies, the probability for the ion to go back again to its initial site increases due to the short time periods available. This high probability for the correlated forward-backward hopping at higher frequencies together with the relaxation of the dynamic cage potential is responsible for the observed high frequency conductivity dispersion.
Electrical modulus analysis
The conductivity behavior in the frequency domain is more conveniently interpreted in terms of conductivity relaxation time, τ, using the representation of electrical modulus, M * = 1/ε * [29] . The M * representation is now widely used to analyze ionic conductivities by associating a conductivity relaxation time with the ionic process [30, 31] . In the M * representation, a relaxation peak is observed for the conductivity process in the frequency spectra of the imaginary component of M * . Comparison of the M * and ε * representations has been used to distinguish localized dielectric relaxation processes from longrange conductivity [32] . Figure 7 shows the variation of imaginary part of electrical modulus (M″) as a function of frequency for different clay concentration. The observed M″ peak in the plot is related to conuctivity relaxation of the materials. The KWW (Kohlrausch-Williams-Watts) stretched exponent function, given in Equation (7): (7) (where β is the stretching constant and τ is the characteristic relaxation time) was used to fit the M ″ data. The modulus fitting was performed using the procedure of Moynihan et al. [29, 30] and the fitting (alogorithim) described in literature [33] was Pradhan et al. -eXPRESS Polymer Letters Vol.2, No.9 (2008) figure. The value of stretching exponent parameter β, the conductivity relaxation time τ and the high frequency limit of the real part of M * (M ∞ = 1/ε ∞ ) obtained from the fitting are compared in Table 1 for different clay concentration. From the table it is clear that β value of the nanocomposite is always higher than that of the polymer salt complexes and the M ∞ value increases on increasing clay concentration. It is well known that β is the relaxation parameter, which increases by decreasing in the width of the relaxation time distribution. For dielectric relaxation processes, however, relaxation peaks are observed in both M * and ε * representation when the two peak position in two representations are related by the ratio ε s /ε ∞ where ε s is the static dielectric constant and ε ∞ is the dielectric constant at higher frequency limit. A comparison of the experimental data of the M * and ε * formalism is, therefore, useful to distinguish long-range conduction process from the localized dielectric relaxation. To visualize this, we have plotted the imaginary part of complex dielectric permittivity (ε″) and modulus (M″) as a function of frequency for 0 and 5% clay concentration of PNCEs as representative (Figure 8a ) (similar behaviors are found for other compositions). Dielectric relaxation is a result of the reorientation process of dipoles in the polymer chains, which show a peak in ε″ spectra. For electrolyte, with higher ion concentration the movement of ions from one site to another will perturb the electric potential of the surroundings. Motion of the other ions in this region will be affected by perturb potential. Such a cooperative motion of ions will lead to non-exponential decay, or a conduction processes with distribution of relaxation time [34] .
In the imaginary part of modulus spectra a relaxation peak is observed (Figure 8a ) for the conductivity processes, whereas no peak is observed in the dielectric spectra. This suggests that ionic motion and polymer segmental motion are strongly coupled manifesting as peak in the M″ spectra with no corresponding feature in dielectric spectra [35] . Similar results have been reported by Fu et al. [34] for PPG-LiCF 3 SO 3 system with higher salt concen- . So the conduction in polymer electrolytes takes place through charge migration of ions between coordinated sites of the polymer along with its segmental relaxation. In addition to the main M″ peak in the low frequency region, a small peak is observed at the high frequency which is less pronounced in the 5% DMMT composite. The existence of these two peaks may be due to the heterogeneity in the texture of the polymer composites [36] . The temperature dependence of imaginary part of dielectric permittivity (ε″) and modulus (M″) as a function of frequency for x = 5% clay concentration (as representative) is shown in Figure 8b . The low frequency M″ peak shifts towards the high frequency side with rise in temperatures, but at higher temperatures we do not observe any peak. At lower temperatures, ε″ decreases on increasing frequency whereas at higher temperatures ε″ first decreases with rise in frequency (in low frequency region) followed by a peak in the loss spectra. The higher value of dielectric loss (ε″) at low frequency is due to the free charge motion within the materials. The appearance of peak is attributed to the relaxation phenomena of polymer.
Conclusions
The frequency dependent electrical conductivity and the associated conductivity relaxation of an ionically conducting polymer nanocomposite films was studied for different DMMT concentration. Xray diffraction (XRD) analysis shows that the polymer-salt complexes have been intercalated into the nanometric channel of silicate layers of DMMT suggesting the formation of nanocomposites. Complex impedance analysis shows the existence of bulk and material-electrode interface properties of the nanocomposites. The electrical modulus formalism (used to describe the conductivity relaxation process), shows that the conductivity relaxation data can best be represented in terms of the stretched exponential correlation function, Φ = Φ 0 exp[(-t/τ) β ]. The ac conductivity spectrum obeys the universal power law in the high frequency region whereas strong low frequency dispersion was assigned to the electrode polarization effect. The conduction may be due to the drift of ions coupled to polymer segmental relaxation of polymer matrix.
